A second-generation pulse-burst laser system for high-speed flow diagnostics is described in detail. The laser can produce a burst of high-energy pulses ͑of the order of hundreds of millijoules per pulse͒ with individual pulse durations of less than 10 ns and pulse separations as short as 1 s. A key improvement is the addition of a phase-conjugate mirror, which effectively isolates the high-intensity, short-duration pulses from the low-intensity, long-duration background illumination. It allows for more-efficient amplification and harmonic generation, with efficiencies exceeding 50% for second-harmonic and 40% for third-harmonic generation. Characteristics of the laser system, including gain narrowing, pulse-burst energy distribution, pulse narrowing, and overall pulse-burst energy, are described. In addition, the applicability of the laser for spectroscopic-based flow diagnostics is demonstrated through the presentation of megahertz-rate planar Doppler velocimetry results.
Introduction
The use of lasers in flow diagnostics has increased substantially over the past few decades as laser and camera technologies have advanced. Today, laserbased instrumentation has become commonplace in fluids laboratories, whose researchers routinely use techniques such as laser Doppler velocimetry, particle imaging velocimetry ͑PIV͒, planar Doppler velocimetry ͑PDV͒, laser scattering flow visualization, and Raman-Rayleigh scattering. Inherent in all these techniques, however, is a trade-off between spatial and temporal resolution. Planar techniques ͑e.g., PIV, PDV, and flow visualization͒ are capable of simultaneously acquiring data at multiple points, but to produce sufficient intensity within the object plane they require high-energy pulsed lasers. Repetition rates for such lasers are typically limited to the order of 10 -100 Hz. Supersonic-hypersonic flow fields, however, are characterized by turbulent features with frequencies of tens to hundreds of kilohertz. Point techniques are not so restrictive of laser power and, in some cases, can achieve repetition rates of the order of tens to hundreds of kilohertz but do so at the expense of spatial information. Ultimately, further advances in our understanding of supersonichypersonic flows will require experimental diagnostics with high spatial and temporal resolution. To achieve this goal, a coherent light source with high pulse energies and high repetition rates is needed. In addition, a narrow spectral linewidth is also desired to allow for application of spectroscopic flow diagnostic techniques such as PDV. In this paper we describe a second-generation, narrow linewidth pulse-burst laser with qualities sufficient for highrepetition-rate ͑1-MHz͒ planar flow diagnostics.
A limited number of high-repetition-rate laser sources have been developed. Huntley 1 and Grace et al. 2 developed a repetitively Q-switched ruby laser for holographic applications that could produce a burst of high-energy pulses ͑of the order of hundreds of millijoules͒ over a time span of ϳ140 s at repetition rates up to 500 kHz. Ruby lasers, however, are based on a three-level system and require exorbitantly high pump energies for significant output. The resultant thermal load on the lasing medium necessitates intermittent operation of the laser from pulse burst to pulse burst ͑of the order of minutes͒. Kaminski et al. 3 and Hult et al. 4 used a cluster of four individual double-pulsed Nd:YAG lasers to achieve bursts of eight pulses with individual pulse energies of 270 mJ. The system was used with a dye laser for OH planar laser-induced fluorescence imaging, thus limiting repetition rates to ϳ10 kHz. Reeves et al. 5 used a copper-vapor laser at ϳ10 kHz with an ϳ5-mJ͞pulse for PIV imaging. Wu et al. 6 developed a Nd:YAG based pulse-burst laser that can produce 1-99 pulses at rates up to 1 MHz with an energy of ϳ1 mJ͞pulse. Their system had a narrow spectral linewidth of ϳ60 MHz and was used to visualize a Mach 2.5 boundary layer over a 14°wedge. The pulse-burst laser system presented in this paper is similar in design, but it has significant improvements-differences that allow individual pulse energies in excess of 100 mJ͞pulse to be achieved. In addition, the applicability of the laser for spectroscopic based diagnostics is demonstrated through the presentation of megahertz-rate planar Doppler velocimetry results.
Pulse-Burst Laser System
The pulse-burst laser is a Nd:YAG based system that is capable of providing bursts of as many as 99 shortduration ͑ϳ10-ns͒ pulses at repetition rates up to 1 MHz. The system is shown schematically in Fig. 1 . It is a second-generation system based on that described earlier by Lempert et al., 7 Wu et al., 6 and Thurow et al. 8 A cw Nd:YAG ring laser ͑Lightwave Electronics Series 126͒ serves as the primary oscillator. It is a narrow linewidth ͑Ͻ5-kHz͒, singlefrequency laser that one can tune over a 35-GHz range by adjusting the temperature of the laser crystal. The output is 100 mW at 1.064 m and is subsequently preamplified in a double-pass flashlamp-pumped, pulsed amplifier. The amplifier consists of a 114-mm-long, 6.35-mm-diameter Nd:YAG rod, a xenon flash lamp, and a water-cooled pump chamber. The double-pass gain is ϳ10
The resultant pulse, of approximately 150-s duration, is formed into a burst train by use of a custom dual-Pockels-cell slicer ͑Medox, Inc., now Thales, Inc.͒. The train can have a variable number of pulses, 1 to 99, with interpulse spacing as short as 1-s ͑1-MHz repetition rate͒. The pulse slicing, which was described in detail by Wu et al., 6 is achieved by rapid rotation of the polarization of the preamplified pulse by 90°by use of one of the two Pockels cells. The application of a suitably high voltage to the KDP crystal in each of the Pockels cells causes a ͞4 retardation of the beam for each pass, resulting in a 90°rotation in polarization when the beam is double passed. In addition, the extraordinary axes of the two KDP crystals are aligned at a 90°a ngle. Although it is subtle, this alignment is necessary to provide cancellation of the ͞4 retardation between the two cells during the transition from on to off and vice versa. When both Pockels cells are off or on, the overall rotation is 0°and the beam does not get passed through the remaining amplifier chain. Although Pockels cells possess fast rise times ͑ϳ3 ns͒, the slow recovery time ͑of the order of 100 ns͒ of a single Pockels cell necessitates the use of a second cell to produce a sharp cutoff; this allows formation of individual pulses as short as 6 ns.
The burst of pulses formed by the Pockels cells is further amplified by a pair of double-pass flash-lamppumped amplifiers that are identical to the preamplifier with double-pass gains of ϳ10 3 and ϳ10
2
. The decreased gain of the third amplifier relative to the first and second amplifiers indicates the onset of saturation, resulting in gain that is less than the small-signal value of ϳ30 per pass. Following the third amplifier, the pulses are reflected off a phase- conjugate mirror ͑PCM͒ whose function is described below. The pulses are then further amplified by two dual-flashlamp, single-pass amplifiers with 114-mmlong, 9.52-mm-diameter and 114-mm-long, 12.7-mmdiameter Nd:YAG rods. The fourth and fifth amplifiers each have single-pass gains of approximately 3-6. Because of the large gain of the overall system ͑of the order of 10 9 ͒, six Faraday optical isolators are used to isolate each amplification stage and to prevent or to minimize amplified spontaneous emission ͑ASE͒ in the backward direction.
A significant improvement made in the secondgeneration design is the incorporation of a PCM. The PCM consists of a 25.4-mm diameter ϫ 152.4-mm-long optical cell, which is filled with a high indexof-refraction liquid, in this case a fluorocarbon known as FC-75 ͑3M Corporation͒. The PCM utilizes the principle of stimulated Brillouin scattering ͑SBS͒, which is a nonlinear optical phenomenon that produces a coherent beam at 180°͑backscattering͒ if the pump beam input achieves a minimum intensity, termed the SBS threshold. As can be seen from Fig.  1 , the beam is focused into the PCM after the third amplifier with a 75-mm focal-length lens and coupled to the final two amplifiers by a quarter-wave platepolarizer combination.
The PCM serves two purposes. First, it eliminates the low-intensity pedestal superimposed upon the high-intensity pulses that make up the desired output of the burst train. Second, it reduces ASE growth by providing additional isolation between the first three stages of amplification and the last two stages. PCMs have been used in other laser systems for pulse narrowing ͑e.g., by Kmetiv et al. 9 and Palashov et al. 10 ͒ and for suppression of ASE ͑e.g. by Ni and Kung 11 ͒ but, to our knowledge, were not previously been used to separate high-intensity pulses from a low-intensity background.
Even when it is nominally off, the Pockels cell switcher imparts a small phase retardation to the incident laser beam. The ratio of the on signal to the off signal is known as the contrast ratio and was measured to be approximately 2000:1. The residual 0.05% light is passed on through the remaining amplifiers in the system and forms a pedestal upon which the desired pulses sit. Inasmuch as the Pockels cells are on for only ϳ10 ns ͑the duration of a single pulse͒ and off for ϳ10 s ͑nominal separation between pulses͒, there is substantial integrated energy in the pedestal. In addition, it appears that in the later stages of amplification the pedestal is preferentially amplified relative to the pulses. This occurs in the final amplifier stages in which the intensity gain begins to enter the saturation regime, analogous to attempting to draw too much current out of a typical voltage amplifier. It is believed that the 2000ϫ weaker pedestal is still in the small-signal ͑ϳ30ϫ per pass͒ gain regime, whereas the gain of the higher-intensity pulses begins to saturate ͑to approximately 3-6 in the final two amplifiers͒. The incorporated PCM, however, acts as an intensity filter whereby the high intensity of the desired pulses exceeds the threshold SBS intensity and reflects from the PCM while the lower-intensity pedestal remains below threshold, passes through the PCM, and is rejected. Thus the energy contained in the final amplification stages is transferred exclusively to the pulses and not to the pedestal, as we explore in more detail in Section 3.
The PCM also has the benefit of reducing ASE. Again, by analogy to a voltage amplifier, ASE occurs when the gain is sufficiently high that significant laser system output occurs in the absence of any input from the master oscillator. Like that of the pedestal described above, the intensity of the ASE component after the third amplifier is well below threshold and, as a result, it is not reflected by the PCM into the fourth and fifth amplifiers. The buildup process must then start over with spontaneous emission from the fourth and fifth amplifiers.
Performance and Characteristics of the Pulse-Burst Laser System
The performance of the burst-mode laser was evaluated for a wide variety of burst sequences and pulse energy levels, both with and without incorporation of a PCM. In general, it was found that significant energy pulses can be extracted for sequences as long as ϳ120 s, with total energy per burst sequence as high as 1.8 J at the fundamental wavelength of 1.064 m.
A. Effect of the Phase-Conjugate Mirror
The PCM serves as an intensity filter that eliminates the unwanted low-intensity dc pedestal that accompanies each burst of pulses. The benefits of the PCM are best illustrated in Fig. 2 , which shows the average power output of the laser at 0.532 m as a function of the average fundamental power. Conversion to 0.532 m is achieved with a type II KTP crystal. The nonlinear conversion to 0.532 m is intensity dependent, whereby the conversion efficiency is poor at low intensities ͑e.g., dc pedestal͒ and quite efficient ͑as much as 50%͒ for higher intensities ͑e.g., laser pulses͒. Thus the fraction of light converted to 0.532 from 1.064 m is a good indication of the amount of energy contained within individual pulses, as the intensity of the dc pedestal is too low to undergo conversion. The first point on each of the curves in Fig.  2 corresponds to operation of the laser with the fourth and fifth amplifiers turned off. Each subsequent power measurement was made by incrementally increasing the energy supplied to the flash lamps by 10 J, beginning with the fourth amplifier and proceeding to the fifth amplifier after the fourth reached its maximum output of 74 J. It should be noted that the fifth amplifier was operated at only 55% of capacity for the measurements performed without the PCM to prevent damage to the KTP crystal. By this point, however, the resultant trend and benefit of the PCM is quite clear.
At the lowest power setting ͑the leftmost point on each curve in Fig. 2͒ , more 0.532-m power is actually produced without the PCM ͑55 mW͒ than with the PCM ͑38 mW͒. This reveals substantial losses of pump power ͑1.064 m͒ imparted by the PCM when the input pulse energy is operated near the SBS threshold. Thus, for relatively low amplification following the PCM, the effect of the PCM is to decrease the overall system power. As the post-PCM amplification is increased, however, the amount of 0.532-m energy increases at a substantially higher rate when the PCM is included. This is particularly true at the highest power settings, where the PCM produces an average power at 0.532 m that is almost 6ϫ larger than without the PCM. As was discussed above, this higher rate of increase results from the elimination of the dc pedestal, which otherwise would rob the system of gain intended for the pulse. The overall conversion efficiency from 1.064 to 0.532 m reaches a maximum of only ϳ15% without the PCM. Inclusion of the PCM increases the harmonic conversion efficiency greatly, to a maximum of ϳ50%. Figure 2 was produced for an arbitrary pulse-burst setting of eight pulses with interpulse timing of 10 s ͑100-kHz repetition rate͒, although similar results were achieved for other pulse settings. In general, the benefit of the PCM increases for bursts that contain a greater number of pulses, as the pulses must compete with one another as well as with the pedestal for gain.
B. Pulse Energies and Uniformity
Significantly higher output was achieved at both the second ͑0.532-m͒ and the third ͑0.355-m͒ harmonics of the fundamental input by use of the PCM. Average second-harmonic conversion efficiency as high as 50% was obtained with an 8-mm ͑length͒ ϫ 12 mm ϫ 12 mm ͑cross section͒ type II KTP crystal operated at room temperature. For third-harmonic generation ͑THG͒, efficiencies as high as 40% were achieved by the approach described by Dergachev et al. 12 In this approach a portion of the fundamental is converted to its second harmonic in a 7 mm ϫ 7 mm cross section ϫ 20 mm length type I lithium triborate ͑LBO͒ crystal. Following conversion, the fundamental ͑with p polarization͒ and the second harmonic ͑with s polarization͒ are separated by a dichroic mirror, and the polarization of the second harmonic is rotated 90°͑back to p polarization͒ by a half-wave plate. The two beams are then recombined and mixed in a second type I LBO crystal to produce the desired output at 0.355 m.
Type I LBO was selected for the second-harmonic step for a number of reasons. First, type I LBO can be used to perform what is known as 90°͑or noncritical͒ phase matching, the principal advantages of which are the relatively high angular acceptance, which was a concern because of the less than optimal pulse-burst laser beam divergence, and the near-zero walk-off angle between the residual fundamental and second-harmonic beams. 13 This type of phase matching facilitates the use of relatively small beam cross sections and relatively long crystal lengths. In addition, LBO has an exceedingly high damage threshold, i.e., approximately 5 times that of KTP. The trade-off is that the nonlinear coefficient is a factor of ϳ3 less than that of KTP, but, as will be shown, the increased crystal length and allowable fundamental intensity compensate for this. A second disadvantage is that noncritical phase matching requires that the crystal be heated to ϳ40°C, which is accomplished with a temperature-stabilized oven purchased from the crystal's manufacturer ͑Cristal Laser͒.
The second-harmonic generation ͑SHG͒ and THG conversion efficiencies when the pulse-burst laser is used are summarized in Fig. 3 , which plots conversion efficiency versus fundamental input. Peak efficiencies are greater than 50% for SHG and 40% for THG. It should be noted that the fifth amplifier was operated at less than maximum output to prevent any damage to the crystals ͑none was observed͒. The trend of both the SHG and the THG curves in- Fig. 3 . Second-͑triangles͒ and third-͑squares͒ harmonic conversion efficiencies for a burst-mode Nd:YAG laser ͑with a PCM͒ as a function of average fundamental pulse energy.
dicates that even higher conversion efficiencies can be achieved as the efficiency continues to rise with increasing input energy.
Within a burst of pulses, the energy can vary considerably between pulses. The distribution of energy is dependent on the number of pulses, pulse separation, amplifier gain, and amplifier delay. Figure 4 shows the oscilloscope traces of the eight-pulse, 10-m pulse-separation burst used to produce Fig. 2 . Figure 4͑a͒ is a burst of pulses at 1.064 m, and Fig.  4͑b͒ is a burst after conversion to 0.532 m. The average individual pulse energy is 150 mJ at 1.064 and 55 mJ at 0.532 m ͑37% efficiency͒. The burst profile, however, clearly shows that the energy varies across the burst, with 3:1 ratio between the highest and lowest energy pulses in Fig. 4͑a͒ . On conversion to 0.532 m, the nonuniformity increases as the higher-intensity 1.064-m pulses achieve better conversion to 0.532. In this case the ratio increases to ϳ5:1.
In general, the pulse energy distribution resembles the 100 -150-s gain curve associated with each of the flash-lamp-pumped amplifiers. As more energy is added to each amplifier, gain narrowing occurs, as is demonstrated in Fig. 5 . This figure was produced by operation of the laser in a long-pulse mode where the pulse slicers were turned off and a quarter-wave plate positioned in their path. Thus all the light from the master oscillator was allowed to pass through the system. For operation of only the first amplifier, the resultant pulse is 107 s long ͑FWHM͒. With the second amplifier turned on, the width of the pulse narrows substantially, to ϳ80 s. The third amplifier further reduces the width to 64 s. A similar narrowing is observed when the laser is operated in burst mode but is dependent on pulse-burst settings ͑number of pulses, pulse spacings, etc.͒.
One can obtain a more nearly uniform distribution of pulses by displacing in time the firing of each amplifier from one another, thus spreading out the available gain over the burst of pulses. Figure 6 demonstrates one particularly good setting, with 20 pulses separated by 4 s. The average pulse energy in this case, however, is only 2.5 mJ, compared with the 55 mJ of Fig. 4͑b͒ . Optimal settings for uniform pulse distribution are quite subjective and dependent on the needs of a particular experiment. There is a clear trade-off between uniformity of pulses and their associated energy.
An additional parameter that needs to be considered is interpulse timing. In many cases, as the amount of time between pulses is increased, the partially depleted gain will grow back during the interpulse period, and higher individual pulse energies can be obtained. This growth is limited, however, by the 100 -150-s window in which the flash lamps impart significant energy to the laser rods. In general the total amount of energy within a burst of pulses is approximately conserved, regardless of the number of pulses or the interpulse timing. For example, at one power setting, a pulse-burst setting of four pulses, and an interpulse separation of 8 s, the total energy measured was 120 mJ, or an average of 15 mJ͞pulse. Changing the pulse burst setting to eight pulses with a 4-s interpulse separation yielded a total amount of energy that remained at 120 mJ but an individual pulse energy that decreased to 7.5 mJ͞ pulse. The requirements of a particular experiment will dictate whether it is more important to have a uniform distribution of pulses or an uneven distribution at higher individual pulse energies. Although the pulses in Fig. 6 are quite uniform, even the lowest-energy pulse in Fig. 4 has approximately a factor-of-4 more energy than any of the pulses in Fig.  6 . This trade-off is generally worse for larger pulse separations, as more pulses are contained within the wings of the gain curve. Achieving pulse uniformity with adequate power is accomplished more easily at short pulse separations where the pulses can be kept within the most energetic portion of the gain curve. In addition, many high-speed sensors ͑e.g., CCD cameras͒ are limited in the number of shots that they can record at high repetition rates. This constraint usually dictates the number of pulses formed, whereas the experiment will dictate the most desirable pulse separation.
C. Frequency Characteristics of the Pulse-Burst Laser
The frequency of the pulse-burst laser is determined by the frequency characteristics of the master oscillator. The master oscillator is a diode-pumped, nonplanar ring laser. The use of a ring laser eliminates the problem of spatial hole burning that accompanies linear resonators and the associated multimode operation that is inherent in linear resonators. One can adjust the frequency of the laser by changing the temperature of the laser crystal, whose size and index of refraction increase with increasing temperature. This is done externally through a voltage input to a thermoelectric cooler in contact with the laser crystal.
The frequency range and stability of the laser system were investigated with the monitoring system shown in Fig. 7 . The 0.532-m output of the pulseburst laser was split into two by a 50͞50 beam splitter. The first branch of the system was focused onto a piece of white opal diffusing glass. A 4 mm ϫ 4 mm square photodiode and a boxcar integrator were then used to measure the intensity of the laser pulse. The second branch was identical to the first, except that the beam was passed through a pressurebroadened iodine molecular filter. Iodine contains a large number of absorption lines near 0.532 m, so transmission of the laser beam through the iodine filter is a function of frequency. We scanned the laser frequency over its entire range ͑Ϫ10 to ϩ10 V͒ to determine the voltage͞spectral transmission ratio between the laser and the filter. We then compared this profile with the theoretical model of Forkey 14 to determine the relationship between voltage and frequency.
Over the entire voltage range the laser exhibits seven mode hops. The frequency-doubled output can be tuned to any point from 18787.1 to 18789.5 cm Ϫ1 for a total range of 72 GHz ͑36 GHz at 1.064 m͒. Between mode hops the frequency͞voltage relationship is approximately linear. The tuning coefficient, however, varies slightly between mode hops, from ϳ10 GHz͞V at the lower end of the voltage range to ϳ8.6 GHz͞V at the higher end. We determined the tuning coefficient by comparing theoretical maxima and minima in the theoretical filter profile with experimentally measured maxima and minima and using a least-squares fit through the data.
The linewidth of the laser is expected to be Fouriertransform limited and to depend on the pulse duration. 6 A side effect of the PCM is a slight narrowing of each laser pulse, much less than that reported for optimized SBS pulse-compression schemes, 15 as shown in Fig. 8 , where the FWHM width of the pulse decreases from 8.2 to 6.9 ns. For a 6.9-ns pulse the Fourier-transform-limited linewidth is approximately 125 MHz. The pulse-to-pulse frequency jitter was also measured with the system shown in Fig.  7 . No frequency jitter, however, was detected within that system's measurement resolution of ϳ12 MHz. We concluded, therefore, that the jitter is Ͻ12 MHz. This value is in contrast to that of a commercially Fig. 7 . Schematic of a frequency measurement system using a molecular iodine filter. available, injection seeded Nd:YAG laser system that exhibits jitter levels as high as 50 MHz. This difference is typically due to the dithering required for matching the seed laser frequency with the cavity length, a function that is not present in the pulseburst laser system. Long-term frequency drift was also measured and found to be below 50 MHz͞h. The overall result is a frequency-stable system suitable for spectroscopic measurement techniques such as planar Doppler velocimetry.
Pulse-Burst Laser Application: Megahertz-Rate Planar Doppler Velocimetry
To demonstrate the spectroscopic capabilities of the pulse-burst laser, sample planar Doppler velocimetry results are presented. Similarly to PIV, the technique yields an instantaneous snapshot of the velocity field. PDV has had considerable refinement over the past decade and is well suited for velocity measurements in high-speed compressible flow fields.
Only a brief description of PDV is given here. Details of the history of PDV, the art of its application, and recent advances can be found in review papers by Elliott and Beutner 16 and Samimy and Wernet. 17 A detailed description of the use of the pulse-burst laser for PDV measurements in a similar flow field is the subject of another investigation and can be found in the paper of Thurow et al. 18 PDV utilizes the frequency shift of laser light after it is scattered by moving particles. The Doppler frequency shift, ⌬f d , is related to the fluid velocity by
where s is a unit vector in the direction of the scattered light, o is a unit vector in the direction of the incident laser light, is the wavelength of the light, and V is the velocity vector of the flow. To obtain measurements over a plane, one forms the laser beam into a sheet and passes it through the flow field. The scattered light is then split into two paths: a signal and a reference path. The signal path directs the light through a molecular iodine filter and onto a detector. The reference path directs the light onto another detector. The experimental arrangement is shown schematically in Fig. 9 . In this case the molecular filter is a pressure-broadened iodine cell and the detectors are two ultrafast framing rate CCD cameras manufactured by Princeton Scientific Instruments. These cameras are similar in design and quite suitable for PDV owing to their large pixel size ͑of the order of 100 m͒ and moderate resolution ͑80 ϫ 160͒. The two acquired images ͑signal and reference͒ are mapped to a common grid, and pixel-by-pixel ratioing is used to determine the amount of absorption or transmission that occurred through the iodine cell. This information can then be used to determine the frequency of the scattered light on a pixel-by-pixel basis. With knowledge of the unshifted frequency of the laser obtained by a frequency monitoring system similar to that shown in Fig. 7 , the frequency shift, and therefore the velocity, can be uniquely determined on a pixel-by-pixel basis across the entire image.
The PDV technique was applied by use of the pulseburst laser to a Mach 1.3 rectangular jet ͑aspect ratio 3͒. Particle seeding was provided by a product formation technique whereby moisture contained in the ambient air condenses on mixing with the cold and dry jet core fluid. This technique produces a fine mist of ϳ50-nm particles that mark the presence of a mixing layer only; it is important to recognize that the jet core and the ambient air are not visualized with this seeding technique. The laser sheet illuminates a streamwise plane of the flow and forms a 17°a ngle relative to the jet axis, producing a velocity sensitivity in the 0.68 i-0.20 j ϩ 0.71 k direction, where i, j, and k are unit vectors of the x, y, and z ͑out-of-plane͒ axes, as indicated in Fig. 9 . ͑Note: A second or third detection system would be needed to resolve additional components of velocity.͒ The measurement location spans 4 -10 nondimensional jet heights ͑x͞h͒ downstream. The imaging region is shifted in the y direction to ensure full imaging of at least one half of the mixing layer ͑Fig. 9͒.
For the data presented here, the pulse-burst laser was set to produce 20 pulses with an interpulse separation of 4 s ͑250-kHz repetition rate͒, similar to the sequence of Fig. 6 . Each pulse had approximately 2-4 mJ of energy, although more was available. Figure 10 presents 4 reference images taken from an image sequence containing a total of 20 images. These images represent a typical sequence of flow visualization images, which, without velocity information, reveal many details about the flow. For example, the flow field is dominated by large-scale structures arranged in an asymmetric pattern between the upper half of the mixing layer ͑shown here͒ and the lower half ͑cut off at the bottom of the frame͒. The unique ability to follow the evolution of these structures allows one to make many observations. The structure indicated by the circle in the first frame is clearly subjected to shear within the mixing layer and subsequently tilts and rotates in the flow direction as it grows in size. A manual measurement of the structure's position versus time indicated a convective velocity of ϳ270 m͞s ͑70% of core velocity͒. More-detailed observations and measurements made with space-time cross correlations are available in the studies of Mach 1.3 and 2.0 axisymmetric jets by Thurow et al. 19 The inherent disadvantage of flow visualization studies, however, is the subjectivity involved in interpreting the images; thus the need for megahertz-rate PDV data. Figure 11 shows the corresponding velocity images obtained from the same set of images shown in Fig.  10 . The spatial resolution is ϳ1 mm and the accuracy has been estimated to be ϳ15 m͞s. 18 Although the measurement is of an out-of-plane velocity vector, the image reveals many details about the flow structure that cannot be discovered by flow visualization alone. A particularly noticeable feature is indicated by the ellipse in Fig. 11 . This region contains a circular arc of high-speed ͑bright͒ fluid. Through the sequence of images ͑better illustrated in a movie format͒, this circular arc of high-speed fluid propagates downstream and grows in an outward direction. The flow visualization images of Fig. 10 , however, do not reveal this unique feature of the flow. It is possible that this arc of high-speed fluid, as it is a su- personic flow field, might be evidence of an expansion wave propagating through the jet's mixing layer. More-detailed measurements are needed, however, for further investigation of this phenomenon. Regardless, it is quite clear that megahertz-rate PDV has the potential to reveal many time-dependent details of high-speed flow fields. Further development of megahertz-rate PDV will allow for measurements of two or three components of the velocity simultaneously as well as for the application of more-rigorous data analysis techniques such as space-time correlations and the application of reduced order methods.
Conclusions
The continuing development of the pulse-burst laser system has resulted in a flexible, high-energy, highrepetition-rate laser light source. The most significant improvement compared with the current laser system is the incorporation of a phase-conjugate mirror, which effectively eliminates the low-intensity dc pedestal on which the high-intensity pulses sit. Second-and third-harmonic conversion efficiencies of the order of 50% with fundamental pulse energies in excess of 100 mJ allow for the development of a variety of high-repetition-rate, spectroscopic based laser diagnostic measurements. Here the use of the laser for megahertz-rate planar Doppler velocimetry measurements has been demonstrated. Future development of the laser system will include the incorporation of an optical parametric oscillator, which will allow for tuning of the laser frequency over a broad range of frequencies. In turn, this broader tuning will lead to the development of highrepetition-rate techniques based on laser-induced fluorescence and applications involving high-speed combustion.
